Abstract
Introduction
Job performance is a central focus for researchers and policy makers from diverse domains. Different studies have tried to provide an appropriate understanding of performance constructs, particularly in knowledge intensive work, which requires a workforce with the ability to conduct complex analytical tasks within their daily role. In this regard, two main groups of studies can be considered: studies which focus on individual characteristics, behaviours and attitudes, and studies which emphasise social network influence, information flow and knowledge/expertise sharing. The nature of our research is to consider both approaches simultaneously in order to examine the performance of knowledge intensive workers.
Radiologists are a very good case of knowledge intensive workers because their work largely consists of the application of knowledge in correct image interpretation, also known as "observer performance" in the literature. Choosing breast radiology as the domain of this study provided the researchers with the ability to quantify medical performance through objective measures, as opposed to many previous network studies that measured performance through subjective proxies such as perception [1] . Earlier studies on good observer performance in mammography, the primary modality of breast imaging, show an association to readers' personal characteristics, particularly the readers' experience and case load. In these studies, experience factors such as years reading mammograms, number of mammograms read per year and hours reading mammogram per week are positively correlated with performance [2] [3] [4] [5] . This paper extends this traditional understanding of performance in breast radiology to a level which also includes significant effects of social networks. Social/professional networks are defined in this study as consisting of professional people with whom radiologists associate, interact or work in their occupation.
Theoretical Underpinnings
Bernardin and Beatty [6] define performance as the recorded output or results of a particular job activity in a particular time frame. Many researchers have tried to explore which personal characteristics have a direct bearing on job performance. A study by Hunter [7] shows that job knowledge and skill influence job performance. Similarly, McCrae and Costa [8] present a meta-theoretical framework, which indicates there are associations between qualities such as personality, knowledge and skill, and performance. Moreover, Campbell et al. [9] , and later Campbell et al. [10] , developed a theory of performance, which suggests that declarative knowledge, procedural knowledge/skill and motivation are the three direct dynamics of job quality and performance.
Declarative knowledge is the factual information, rationales and actions which are perceived by someone and can be evaluated and quantified, such as through examination papers. Taskrelated information and declarative knowledge have a positive effect on performance [11] . Procedural knowledge, on the other hand, refers to the knowledge about how to do a certain work task, the skill to follow procedures at work and the capability to carry work out effectively. In this regard, it is hands-on real work experience, which augments procedural knowledge [12] and finally leads to better performance. Feedback [13] , and particularly social feedback [14] , has a critical role in this knowledge development process. Moreover, previous research shows that personal qualities and interests interact with qualifications, training and experience to form both declarative knowledge and procedural knowledge, which lead to improved performance [15] . Particularly, Pierce et al. [16] and Gardner and Pierce [17] show that self-esteem is positively associated with the job performance of individuals. From the above discussions, it can be asserted that three personal characteristics would be positively associated with job performance in knowledge intensive works: declarative knowledge, work experience and selfesteem/self-evaluation.
Social networks literature suggests the inherent role of different social network structures and characteristics in facilitating or hindering knowledge transfer, information exchange, feedback processes and improved performance. In a professional/collegial network setting, individuals are actors, and their professional relations with other contacts are ties/links. Previous research reveals that, all things being equal, individuals with a higher number of contacts (degree centrality) tend to show greater levels of performance [1, [18] [19] [20] . However, Burt [21] suggests that the maintenance of social connections could be costly and time consuming. Redundancy (receiving similar information and benefits) occurs when a person communicates with other contacts who are directly connected with each other or indirectly connected through shared contacts. In view of that, he developed the concept and measure of networks' effective size to indicate the number of non-redundant contacts of an actor. In his structural holes theory, Burt [21] addressed the benefits gained to members of a network who serve as a channel of information transfer among otherwise unrelated contacts and clusters in the network and so have effective and efficient relations. Accordingly, it can be stated that greater network degree centrality, effective size and efficiency (simply the ratio of effective size to degree centrality) should have a positive relation with performance.
Conversely, Burt [21] defined network constraint as a measure of the extent to which an actor's time and energy are invested in contacts who are themselves connected to one another. Burt [20] considers constraint as the best summary measure of benefits gained by an actor in the network (with a negative relationship between constraint measure and actual benefits). Network constraint varies with three dimensions: network size, network density, and network hierarchy. In general, actors with larger network size receive more diverse information and so are less constrained. However, network density, which determines the average connectedness amongst actors, leads to constraint because it increases the likelihood of sharing the same information via different contacts. Hierarchy is also a measure which shows unequally distributed network constraint imposed by a limited number of contacts and has been showed to be positively related to constraint [20] . It is postulated that greater network constraint, density and hierarchy are all negatively related to performance.
The diversity and extensiveness of an actor's personal connections may also impart a significant effect upon originality and credibility of information he/she receives. In this regard, Cross and Cummings [19] suggest that in knowledge intensive work, actors who span ties to diverse occupational levels or physical/geographical places have higher performance. Thus, it is expected that geographical and functional diversity would be positively associated with performance.
Besides the exploration of positional and structural effects of the network, researchers have also considered the influence of network relational properties on the flow of information and knowledge. At a relational level, the quality of tie/link between two actors is considered as the tie strength. Emotional closeness (intensity) of two actors, frequency of their interactions and duration of their connectedness are the most important properties of their relation in terms of tie strength [22, 23] . In investigating social relations of knowledge intensive workers, recent studies argue that strong ties are more efficient in transferring complex information among actors and are so more beneficial [1, 24, 25] . Accordingly, in this study, it is postulated that greater network tie strength is positively related to performance.
Based upon the above discussions, a theoretical model, Fig 1, can be considered for studying the relationship between social network properties, personal characteristics and job performance of knowledge intensive workers.
Methods
With the objective of examining the performance constructs of Australian breast imaging radiologists, we designed a mixed methods research study. This study was comprised of, firstly, a data collection of professional networks and attributes of radiologists through a survey instrument and, secondly, an observer performance test through the BreastScreen Reader Assessment Strategy (BREAST). BREAST is a radiology training and quality assurance tool that simulates the clinical reading tasks of radiologists who read mammograms for the national breast cancer screening program, BreastScreen Australia, and provides educational feedback about performance.
For collecting and analysing data about social/professional networks, there are two different approaches; the sociocentric (full network) approach, which examines social structural and social relational patterns in the whole network [26] and the egocentric (personal networks) approach, which centres on each sample focal node (ego) and his/her directly related contacts (alters) in order to understand the social attributes that linked to the ego [27] . We define ego in network parlance to mean "the person being investigated", and alters as "the people who are the ego's affiliates or the others to whom the ego is linked" [28] . In this study, we used an egocentric approach for data collection, where each person (ego) was asked to describe his/her directly related contacts (alters). A sociocentric approach was not attempted in this preliminary study, due to the logistical and ethical complications inherent in such data collection. We sent an invitation to participate in the survey study to all 153 breast imaging radiologists on the BREAST contact list around Australia, and 31 (20%) completed the purpose designed questionnaire regarding their network characteristics and personal attributes. These radiologists also independently reviewed a test set of 60 mammographic cases (240 mammographic images in total, 4 image per case) using the BREAST platform in order to assess their performance. Ethics approval was received from the University of Sydney Human Research Ethics Committee (Project No.: 2014/485) and participants provided their written consent to participate in this study.
Survey Instrument
An egocentric approach has been considered a reliable and practical method for data collection in previous social network studies [29] [30] [31] [32] [33] . We constructed our study upon the Burt [34] argument for obtaining network data in the General Social Survey (GSS) and the methodology described by West et al. [30] , Knoke and Yang [32] , Chung and Hossain [1] and Burt et al. [35] .
Radiologists were provided with a definition of a "social/professional network" as consisting of professional people with whom they associate, interact or work in the radiology domain. Based upon the Burt et al. [35] study, we explained to radiologists that they may interact with their network for different reasons such as discussing important matters with other trusty people, having informal social activities (for example lunch, coffee), helping to advance professionally over the course of their professional career, discussing difficult cases in their practice, talking about routine clinical/operational matters and considering quality improvement in procedure and patient care. We facilitated an online tool for managing three sets of questions in our questionnaire. 
Observer Performance
The participating radiologists gave consent to access their observer performance data in interpreting mammograms from the BREAST database. The methodology of the interactive BREAST mammographic screen reading test set for measuring the observer performance was as follows: each radiologist read a test set of 60 mammographic cases obtained from BreastScreen New South Wales. Twenty of the 60 cases were abnormal and the remaining 40 cases normal. Abnormal cases contained biopsy-proven single malignant lesion. Cases classified as normal were confirmed by a two year negative re-screen.
For each abnormal case, the radiologists were asked to identify the location of any malignant lesions, specifying their level of confidence on a scale of 1 (completely confident that the case was normal) to 5 (completely confident that the case was malignant). For the purpose of the performance test, radiologists had access to post-processing tools such as windowing the contrast and brightness of the images and magnification. The radiologists were free to advance forwards and backwards through the cases and correct their answers if desired. The reading environments were matched to standard radiological reporting environments in that all cases were displayed on industry approved equipment including two 5 MP monitors driven by a Sectra key-pad system, which is a familiar reading set up in BreastScreen Australia. At the conclusion of the test set, the radiologists were presented with feedback about their performance. Fig  3 shows a screenshot of one BREAST tutorial test and the feedback received by the radiologist.
The BREAST database provides measurements on radiologists' sensitivity, specificity, location sensitivity and Jackknife free-response operating characteristic figure of merit (JAFROC FOM) values. The JAFROC FOM was chosen as the radiologists' primary performance variable as it describes both the ability of radiologists to locate malignant lesions (their location sensitivity) and probability that a confidence rating applied to a correct lesion (a true positive decision) exceeds a confidence rating applied to a false-positive decision on a normal case. JAFROC FOM is accepted in radiology research as the highest measure of performance [36] .
Data Analysis
Data from the survey instrument was organised by Microsoft Excel and the social network data was analysed using E-NET (version 0.41) [37] , a program that specialises in the analysis of egocentric networks. We used the E-I (external-internal) statistic [38] to investigate the similarity of characteristics (Homophily) between each ego and his/her alters in terms of workplace, occupation and gender. The E-I statistic shows the network connectedness between various groups by subtracting the number of out-group ties from the number of in-group ties and dividing this difference by the total number of ties. The E-I statistic varied between -1 for radiologists who only interacted with alters in the same group (for example alters from exclusively the same workplace), and +1 for those who only interacted with alters in other groups (for example alters who were exclusively from another occupational role, i.e. non-radiologists). The diversity of alters was also worked out using Teachman's Entropy Index [39, 40] in order to indicate the extent to which they belong to groups/categories that are different.
Observer performance and all social network parameters were measured and analysed as continuous variables. We used weighted ties (average of frequency and closeness) to calculate the strength of network ties. Personal characteristics were measured as ordinal variables (except for gender and having fellowship training, which were nominal) and then dichotomised (median as the cut-off point) for correlation and regression analysis. SPSS software (version 22.0) was used for all statistical calculations. In order to test the theoretical model developed in the previous section, we correlated BREAST performance score (JAFROC FOM) against personal characteristics and network properties. The 95% confidence intervals of each predictor were also calculated based upon 1000 bootstraps.
Additionally, a two-step hierarchical multiple regression was conducted with JAFROC FOM as the dependent variable, where personal characteristics predictors were entered at the first step and social network parameters entered at the second step. SPSS was programmed to produce the total R squared value after each step, and also the increase in R squared when the social network predictors were added to the model. Initially, all predictors which had a tendency to be significant in correlation tests (P .10) were considered for the regression analysis, but then one (constraint) which caused multi-collinearity was excluded. From the remaining six predictors, those two without unique significant contribution to the model (P .05) were also omitted in the final model. We also checked for univariate outliers, multivariate outliers, normality, linearity and homoscedasticity, and all the assumptions were satisfied. Multiple regression R 2 values were tested for significance by using F ratios.
Results and Discussions

Statistics
From the total of 31 participants, 13 (41.9%) were male and 18 (58.1%) were female. The JAFROC FOM varied between 0.56 and 0.91 (M = 0.77, SD = 0.09), which provided a good spectrum for further analysis of performance constructs. The participants were a highly experienced sample of Australian radiologists. The majority (n = 18, 58.1%) of participants had high (more than 15 years) experience in reading mammograms and 45.2% (n = 14) had a very high volume of (more than 10,000) mammograms read per year. Also, 29% (n = 9) of radiologists had completed a fellowship in breast imaging. In self-evaluating their observer performance, 80.6% (n = 25) of radiologists evaluated themselves as above the competent (good and expert) in reading mammograms. The number of alters (equal to degree centrality) in the egocentric networks of radiologists varied between 2 and 10 (M = 8.06, SD = 2.33). In accumulating data on 249 alters who were nominated by participants, females (54.6%) had a slightly larger ratio than males (45.4%). The majority (57.0%) of alters in breast radiologists' networks were other radiologists, followed by radiographers (9.6%) and surgeons (9.2%). It was found that 94.8% of alters were from exactly the same place or the same city as the ego's workplace, which reflects the intensely centred knowledge sharing network of radiology. On average, 58.2% of communications between ego-alters were exclusively in-person and without extended information and communication technologies (ICT). Table 1 shows some important attributes about alters in detail.
Calculating E-I scores at ego-level and population-level, the results indicate that radiologists have a tendency towards sharing ties with alters in the same group or class as self. The population-level E-I for workplace was-0.51, which is considered a medium/high propensity. More interestingly, 38.7% of radiologists did not have any professional interaction with others out of their own workplace (E-I score of -1). We also found a small preference for radiologists to network with alters of the same gender (-0.26) and the same occupation (-0.14).
Correlational Analyses
The correlational analyses of BREAST performance score against personal characteristics and network properties are presented in Tables 2 and 3 , respectively. In our dataset, JAFROC FOM had a weak/moderate positive relationship (r = 0.39, P = .029) with experience in terms of reading 10,000 or more mammograms annually but a non-significant positive correlation with number of years' experience in reading mammograms. The positive correlation between performance and having a fellowship in breast imaging, as a measure of specific knowledge/qualification in breast imaging, was also not significant; however less than one third of participants in this study had a fellowship training in mammography and this affects the statistical power. In considering radiologists' attitude to self-performance, those who had a higher self-evaluation (above the competent) did in fact tend to perform better at the BREAST task (r = 0.44, P = .013).
The relationship between JAFROC and different social network parameters varied with regard to magnitude, direction and significance. Having more contacts/alters in the egocentric networks was positively related to higher performance of radiologists at a moderate level (r = 0.47, P = .008). Having more non-redundant contacts, measured by effective size, was also weakly/moderately correlated with performance (r = 0.36, P = .046); however, that was not the case for efficiency, probably because degree centrality and effective size counteract the effects of each other in the measurement. Constraint had a moderate negative relationship with performance (r = -0.41, P = .022). Examining the relationship between constraint and its theoretical constructs, namely network's effective size, density and hierarchy, it appears that the constraint in egocentric networks of breast imaging radiologists is influenced by effective size and density but not hierarchy. Constraint had a strong negative correlation with effective size (r = -0.75, P .001), a trend towards significant and positive correlation with density (r = 0.336, P = .064), and no relation with hierarchy. Our results also show that hierarchy was negatively correlated with JAFROC FOM at a moderate-level (r = -0.44, P = .013) but density was not. Overall, these results suggest that radiologists who interacted with a closely bonded cluster through multiple primary ties, which resulted in higher constraints for them performed worse than radiologists with effective, less constrained (or non-redundant) contacts. Examining the strength of ties in radiologists' egocentric networks, the mean tie strength of ego had a non-significant positive relationship with performance (r = 0.304, P = .097). The diversity of alters with regard to their occupation and workplace was analysed using Teachman's Entropy Index; however, the results show that diversity did not have any significant effect on performance of radiologists. radiologists, where the upper row shows two examples of radiologists with comparatively high performance in detecting breast cancers and the lower row shows two examples of radiologists with comparatively low performance. Table 4 displays the different steps of hierarchical multiple regression analysis. The annual volume of mammograms read is considered the most important predictor of JAFROC in the breast radiology literature [5] and thus this predictor was entered at step one. The results revealed that a high number of mammograms read per year accounted for 15.5% of the variation in JAFROC, F (1,29) = 5.305, P .05. Introducing the effective size, hierarchy and tie strength at step two added a substantial contribution to the regression model, F (3,26) = 11.369, P .001, explaining an additional 48.0% of variation in JAFROC FOM. Overall, the combination of all four independent predictors of high number of mammograms read per year, effective size, hierarchy and mean tie strength explained a significant amount of the variance in JAFROC FOM (R 2 = .634, F (4,26) = 11.276, P .001).
Hierarchical Multiple Regression
Conclusion
In order to examine the performance of knowledge intensive workers, we developed a theoretical model about personal and network dynamics of job performance based upon the literature and tested the model in the Australian breast radiology context. The results from this study suggest a strong association between social networks and observer performance by radiologists. Network factors accounted for 48% of variance in observer performance, in comparison to 15.5% for the personal characteristics for this study group. The number of contacts and the number of non-redundant (effective) contacts were both positively related to observer performance but the latter was revealed to also have a unique influence on performance when examined simultaneously with all other predictors. Constraint and hierarchy in the professional network of radiologists were also negatively related to their observer performance. In addition, results indicate that strong ties, in terms of frequency of interaction and degree of closeness, between an actor and his/her contacts were advantageous for transferring complex analytical knowledge, such as interpretation of medical images. We believe this is the first time that network factors have been calculated and found to be quantitatively more important than the traditional constructs of work volume/task experience by radiologists, however we exercise caution in acknowledging the unstudied effects between individual training factors and social network parameters. In terms of personal constructs, the amount of task experience (number of mammograms read per year) was an appropriate predictor of performance and this finding is in agreement with previous research in breast radiology [41] . Previous meta-data analysis of experience research also shows that among different possible sets of measurement methods (amount, type and time) and range of specificity (task, job, organisational) for defining the features of experience, the amount of task has the strongest relationship with quantities of job performance [12] . According to our results, self-esteem was also positively related to performance, but it did not provide a unique contribution to performance. One can also argue that it is indeed performance which influences the attitude and self-evaluation not vice versa.
We acknowledge that there were some limitations in this study. Firstly, similar to all egocentric networks studies, we analysed personal networks of radiologists based upon self-reporting of participants about their contacts and relations. Although this approach is commonly accepted by many social networks analysts, it is less reliable than the sociocentric network approach, which examines social structural and relational properties of the full network. In addition, it has been argued by some researchers that the behaviour of the full network may be beyond the activities of individual actors and so partly a consequence of the local egocentric behaviours [42] . Nevertheless, the fact that the sociocentric approach is only applicable to closed networks with easily determined actors within predefined boundaries, makes this approach impractical for data collection in many real-world case studies.
Secondly, the number of participants in this study was small. This is due to the relatively small workforce of breast radiologists in Australia, their limited availability being highly skilled professionals, and the nature of this research which required radiologists to participate in two different data collection processes for network properties and observer performance. Hierarchical multiple regression analysis with a relatively small n may not accurately estimate the true importance of predictors. Our study included highly experienced radiologists and the inclusion of less experienced participants in future studies may show a different association between parameters.
Thirdly, studying causality was not part of the design of this study. The results from the current study do not show the direction of relationship between specific network characteristics and performance of radiologists. There may be also underlying personality characteristics that cause specific networking behaviour among radiologists. Future studies should consider these possibilities.
In summary, our study of 31 Australian breast radiologists suggests that network factors account for 48% of the variance in observer performance, in comparison to 15.5% for number of cases read per year. The results suggest a strong new direction for research into improving observer performance. Future studies in observer performance should consider social networks influence as part of their research paradigm, with equal or greater vigour than traditional constructs of reading volumes or reading experience.
Breast radiologists working in screening mammography are required to make independent, blinded decisions regarding the presence of cancers. Furthermore, breast radiology training and work environments often mean radiologists may not have direct patient contact, may be physically isolated from other clinicians and work in isolation from their peers [43] [44] [45] . The current results raise the possibility that encouraging them to search for further collaborations, exchanges and conversations with other professionals may be an effective means of facilitating expertise development in breast radiology.
The current work provides an important insight for medical educators and policy makers in health. The results from this study emphasise the importance of further investigation of knowledge sharing and social learning through effective professional interactions, in research into improving the skill and performance of the current and next generation workforce. Clinical quality assurance activities such as multi-disciplinary team (MDT) meetings [44] and clinical education review meetings are important events where clinicians can meet and discuss the diagnosis and management of patient cases and may provide suitable settings for more detailed research into the relationship between network characteristics and clinical performance.
